The relative sajety oj carotid endarterectomy depends upon surgical expertise combined with appropriate monitoring oj cerebral perjusion and the ability to intervene either surgically or pharmacologically to match cerebral perjusion to cerebral oxygen requirement. Methods oj monitoring adequacy oj cerebral perjusion are reviewed and include regional cerebral blood jlow measurements, electroencepha/ographic monitoring, carotid stump pressure measurements, jugular venous oxygen partial pressure, neurological assessment and plethysmographic techniques. When cerebral perjusion is inadequate, such procedures as insertion oj a temporary bypass shunt and maintenance oj normocarbia may improve cerebral perjusion. Anticoagulants along with pharmacologic intervention to either increase cerebral perjusion pressure or reduce cerebral oxygen requirement may be used to preserve cerebral junction.
is of paramount importance during the operative period, especially during common carotid artery cross clamping. Preoperative angiographic results serve as a poor predictor of the adequacy of perfusion via the circle of Willis and other collateral channels, and as such a poor guide to the development of cerebral ischaemia during the period of carotid clamping. 7 , [10] [11] [12] Techniques for monitoring adequacy of collateral cerebral peljusion intraoperatively 1 . Measurement of regional cerebral blood flow (CBF). 2. Electroencephalographic (EEG) monitoring. 3 . Stump pressure measurements. 4. Neurological assessment while the patient has carotid artery clamped under local anaesthesia. 5 . Measurement of partial pressure of oxygen in jugular venous blood. 6. Plethysmographic techniques.
Measurements of regional cerebral blood flow
Regional CBF measurements using intraarterial xenon have been used successfully in carotid endarterectomy both experimentally and clinically. [13] [14] [15] [16] However, this technique requires expensive equipment and technical expertise, and is a non-continuous assessment. The range of normal CBF is 44-50 mll 100 g/min with the grey matter receiving four times the flow in white matter. EEG evidence of ischaemia is consistently present with a regional CBF below 18 mlllOO g/min in humans. No evidence of ischaemia has been detected when regional CBF is above 24 mlllOO g/min. 14 ,15,17-19 In primates, regional CBF of 16-18 mlll00 g/min is associated with ischaemic EEG changes, and flows below 12 mlllOO g/min with an isoelectric EEG .14,16
Electroencephalographic (EEG) monitoring
EEG monitoring has proven to be most useful for detecting cerebral ischaemia occurring during carotid endarterectomy. 7, 12, [14] [15] [16] [17] 20, 21 . Neurological complications immediately following surgery rarely occur without the development intraoperatively of ischaemic The EEG pattern is also influenced by the depth of anaesthesia and the arterial partial pressure of carbon dioxide (PaC02)' Cerebral "steal" on the ipsilateral side has been described during carotid endarterectomy in the presence of hypercapnia. 22 Muscle activity can cause artifact. Technical problems related to sensitivity settings may give misleading EEG information.
Ischaemic EEG patterns have been reported in 7-29070 of patients during temporary common carotid artery clamping for carotid endarterectomy.8 Postoperative neurological deficit is avoided when the ischaemic EEG changes are reversed by either hypertension, insertion of a shunt or cerebral protection using barbiturate therapy.4 Ischaemic EEG changes may be tolerated for up to 15 minutes without subsequent neurological sequelae. s High carotid bifurcations or extension of atheromatous plaque into the internal carotid artery preclude the safe use of shunts, necessitating other means of cerebral protection or expeditious surgery. Failure of EEG monitoring to predict postoperative neurological deficit may be attributed to cerebral ischaemia before commencement of EEG recording, the release of platelet aggregates, embolisation or rethrombosis in the early recovery period following cessation of EEG monitoring. Continuous EEG recording is essential from the induction of anaesthesia until the patient is sufficiently awake to participate in a neurological assessment.
Stump pressure measurement
Although advocated for many years as a reliable means of assessing the adequacy of 4.
W. J. McMENIMAN AND P. C. A. KAM collateral cerebral perfusion,IO,II,23 stump pressure recordings in recent studies correlate poorly with other techniques such as EEG recording or regional CBF measurement. 8, [13] [14] [15] [16] 20, 24 Stump pressure recording is a non-continuous and indirect assessment of collateral blood flow via the circle of Willis to the ipsilateral hemisphere at the time of clamping, and does not detect alterations in cerebral per fusion which can alter with hypotension, PaC02 changes and various anaesthetic agents. In the presence of diffuse intracranial cerebrovascular disease, a drop of [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] mmHg below the resting systolic blood pressure can produce ischaemic EEG patterns and cause non-homogenous cerebral tissue perfusion. 18 The lower limits of stump pressure that indicate adequate collateral flow are 25 mmHg in the awake and 50-55 mmHg in the anaesthetised patient. 10, 11, 23 Discrepancies in recommended acceptable lower limits of stump pressure may be due to the increase in intracranial pressure associated with inhalational anaesthesia,1 and reflects the limitations of this method. A single indirect measurement can easily overlook critical areas of decreased cerebral perfusion. Neurological impairment immediately after surgery has been reported in both awake and anaesthetised patients who had adequate stump pressure during carotid artery clamping. 8,25
Neurological assessment during carotid artery clamping under local anaesthesia Neurological assessment of the awake patient having surgery performed under regional anaesthesia has gained limited acceptance. 25 ,26 Factors such as patient comfort, superior operating conditions, greater ease of intraoperative manipulations of Pa02, and blood pressure, better control of airway and a decrease in cerebral metabolic rate favour the use of general anaesthesia. Neurological deficit has been reported following endarterectomy where no signs or impairment were apparent during the procedure, possibly reflecting rethrombosis or embolic phenomenon.
Measurement of jugular venous oxygen partial pressure
The internal jugular vein receives twothirds of its flow from the ipsilateral cortex and one-third from the contralateral cortex, though with considerable individual variation. Although recommended by some authors, oxygen saturation of jugular venous blood is a poor guide to the maintenance of cerebral function as it is non-continuous and reflects little on regional CBF or flow to the contralateral hemisphere which is also at risk during cross-clamping. 27 Focal areas of ischaemia, especially when associated with arteriovenous shunting or anomalies of venous drainage, contribute little to the venous pool.
Plethysmographic monitoring
Supraorbital photoplethysmographic and oculoplethysmographic methods have been used successfully to monitor the adequacy of shunt blood flow during carotid endarterectomy.28,29 Both methods are continuous and non-invasive but await full clinical evaluation when a shunt is not employed.
Cerebral ischaemia
Cerebral ischaemia is produced by decreased cerebral blood flow with inadequate supply of oxygen, essential nutrients and metabolites to meet the brain's physiological and metabolic requirements. Theories proposed to explain the pathophysiology of cerebral ischaemia relate either to vascular problems or metabolic dysfunction. Boundary zone areas occur between the distal supply territories of major vessels and are thought to be more susceptible to injury from hypotensive episodes due to their marginal blood supply from terminal arterial branches. 30 Cerebral oedema which occurs immediately following the ischaemic injury can cause obliteration of small vessels and is probably responsible for the no-reflow state sometimes seen following resuscitation. Major cerebral vessels may be compressed and obliterated by oedema swelling of major cerebral structures when in close relation to fixed intracranial structures, e.g. falx cerebri. However, no one vascular theory can explain the variable and heterogeneous nature of Anaesthesia and Intensive Care, Vol. I J, No. 3, August, /983 cerebral Injury following ischaemia. 30 Accumulation of intracellular lactic acid in high concentration following an ischaemic injury has been demonstrated to impair cellular membrane integrity and function and produce cerebral oedema with widespread brain injury.
Cerebral ischaemic injury is probably multifactorial in origin, the magnitude of injury depending upon the duration and degree of insult, age of patient, body temperature at time of insult, intracranial pressure and level of arterial pressure immediately following the ischaemic episode. 3 ! Such factors combined with the asymmetry of blood supply via the circle of Willis and variable distribution of atherosclerosis would contribute to the patchy nature of global cerebral ischaemic injuries. 3 ! In temal carotid artery stenosis may be asymptomatic or symptomatic with paralysis of the arm, leg or both on the contralateral side; blindness in the ipsilateral eye (amaurosis fugax) and aphasia if the dominant hemisphere is involved.32 Symptoms of vertebrobasilar insufficiency such as vertigo, staggering gait and diplopia are not typical of carotid artery stenosis, but may be aggravated by carotid stenosis and subsequently improved by surgical correction. 33 The clinical presentation is varied, ranging from transient neurological deficits of short duration to total progressive or complete stroke, the latter resulting from prolonged regional ischaemia. In over 40070 of patients with ischaemic strokes, the principal occlusion is confined to the extracranial portion of the internal carotid artery.!·32
With global complete ischaemia such as following cardiac arrest, generalised cerebral oedema occurs associated with cell necrosis and compression of white matter due to raised intracranial pressure. In the animal model, occlusion of a single major vessel does not immediately cause an infarct and reversible damage may occur for as long as 2-3 hours. 34 With circulatory arrest in animals, there is a reactive hyperaemia in the cerebral vessels following reperfusion lasting 20-30 minutes followed by prolonged severe hypoperfusion associated with areas of no reflow within the brain. 35 ,36 Early studies based on metabolic indices and EEG recordings suggested that cerebral blood flow less than 10070 of normal may cause more damage to brain tissue than a Anaesthesia and Intensive Care, Vol. 11, No. 3, August, 1983 similar period of complete no flow, 37.38 though this has been refuted by cerebral function evaluative methods. 39 As cerebral perfusion pressure falls, metabolic acidosis develops and the EEG slows; but below a mean blood pressure of 25 mmHg, the EEG becomes isoelectric and potassium is released from cerebral cells. The cerebral cells continue to convert glucose to lactate thereby accumulating acid metabolites.
Cerebral protection during carotid endarterectomy
The various methods of cerebral protection available for reducing cerebral ischaemia during carotid endarterectomy are: 1. maintenance of cerebral perfusion pressure, 2. adjustment of arterial C02 tension (P a C02), 3. influence of anaesthetic agents, 4. insertion of a temporary bypass shunt, 5. anticoagulation, 6. pharmacologic intervention, and 7. hypothermia.
Maintenance of cerebral per fusion pressure (CPP)
Normally cerebral blood flow is autoregulated between mean arterial pressure 60-130 mmHg though it may be influenced by age, mean systemic blood pressure, PaC02, Pa02 anaesthetic agents, vasopressors and the presence of intracranial cerebrovascular disease. Cerebral perfusion pressure (CPP) = mean arterial pressure (MAP) -intracranial pressure {lCP) or cerebral venous pressure (VP Cerebral). The major determinant of CPP is MAP as the ICP is normally only 10-15 mmHg.
In patients with cerebrovascular disease, ischaemic EEG changes have been seen when the systolic blood pressure falls by 20-30 mmHg from preoperative resting levels. CBF varies with cerebral perfusion pressure above and below the limits of autoregulation which are further influenced by pre-existing hypertension, drug-induced hypotension and intracranial pathology. In hypertensive patients both the upper and lower limits of autoregulation are higher. 40 Autoregulation is lost in areas of cerebral ischaemia,4! so that CBF including collateral flow depends on perfusion pressure. 42
Control of PaC02
The ideal range of PaC02 for operations for cerebrovascular insufficiency is still controversial. Cerebral autoregulation is partially preserved during hypocarbia but completely lost with hypercarbia and a mixed response with normocarbia. 22 The use of hypercarbia is controversial. 22, 43 Hypocarbia has been found to be detrimental to the ischaemic brain. 44 The maintenance of normocarbia has considerable merit in limiting both "cerebral steal" and "inverse cerebral steal" effects on CBF associated with hypercarbia and hypocarbia respectively.22,45 Arterial oxygen tension (P a 0 2 ) affects autoregulation below Pa02 of 50 mmHg. Ischaemic vasodilatation induced by intracerebral lactic acidosis results in an increased cerebral blood flow. The blood brain barrier is resistant to hypoxia.
Influence of anaesthetic agents
Volatile anaesthetic agents are known to decrease cerebrovascular resistance and increase CBF thereby causing a "cerebral steal" of blood away from ischaemic areas of the brain.22 This is not universally accepted as both halothane and enflura~e when compared with neurolept analgeSIa have been shown to increase regional CBF during carotid endarterectomy.15 Whilst halothane was a more potent vasodilator than enflurane in the absence of cerebral ischaemia, neuroleptic agents cause cerebral vasoconstriction. However, with cerebral ischaemia, the resulting lactic acidosis causes cerebral vasodilatation so that any difference between these agents is abolished. Barbiturates are known to have several effects on the brain: 1, reduction in cerebral metabolic rate and a parallel decrease in cerebral blood flow, mediated by increased cerebrovascular resistance probably due to an autoregulatory response to a reduced metabolic energy requirement. (Barbiturates reduce those energy requirements determined by cerebral neuronal electrical activity and once isoelectricity is reached, no further decrease in cerebral oxygen requirements can be achieved. In clinical doses, barbiturates produce up to 55% reduction in cerebral metabolic oxygen requirement (CMR02).59 This depression is also associated with a shift of oxygen utilisation from the citric acid cycle to the pentose AnaeSlhesia and Inlensive Care, Vol. 11, No. 3, August, /983 phosphate pathway, analogous to that in hypoxia. 60 ); 2, reduction in intracranial pressure (ICP) due to a reduction in cerebral blood flow; 3, scavenger mechanism for free radicals; and 4, alteration in arachidonic acid liberation and amino acid metabolism in acute hypoxia. The precise mechanism for barbiturate cerebral protection in animals remains uncertain. There is little evidence to suggest scavenging free radicals is the operant mechanism as there is limited potential to form free radicals since the oxygen consumption is initially reduced by barbiturates. 61 In one study cerebral protection correlated with the depth of anaesthesia rather than brain barbiturate concentration as would be expected if the scavenging of free radicals was the operant mechanism. 62 Biochemical investigation of barbiturate effect on fatty and amino acid metabolism during hypoxia has shown promising results and may help define the mechanism of barbiturate protection. 63 Barbiturates have been used clinically to reduce secondary ischaemic lnJury from raised intracranial pressure associated with head injury64 and Reye's Syndrome. 65 ,66 Some authors feel that barbiturates induce decreases in CBF and reduce ICP thereby reducing oedema formation associated with hypoxia and so produce a "reverse steal" effect improving the perfusion to the ischaemic areas which are maximally dilated by lactic acidosis. Clinically, barbiturates have proven useful only where there is some neuronal function during cerebral ischaemia. Some groups claim that very large doses of barbiturates are required to demonstrate cerebral protection,56,57 far greater than that producing maximal metabolic depression, suggesting that some other mechanism is responsible for cerebral protectionY Such large doses of barbiturate would be inappropriate in the clinical situation due to the resulting haemodynamic instability and prolonged recovery period.
Insertion of a temporary bypass shunt
Dosage of barbiturate to produce maximal reduction in CMR02 and minimal cardiovascular depression is best found by titration against EEG activity, the end-point being 30-second burst suppression pattern. Beyond this end-point, cardiovascular depression becomes a problem. 68 There is no consistent correlation between thiopentone dosage, blood concentrations of barbiturate and the effects on cerebral metabolism and cardiovascular dynamics 68 ,4 probably due to the non-linear kinetics of highdose thiopentone. 69 
C. Other drugs
Midazolam and Althesin are both known to reduce CBF and CMR02 with the advantage of minimal haemodynamic depression. 53 ,70
Hypothermia
Hypothermia has been used for many years to preserve cerebral function during cardiopulmonary bypass. The rate of depression by hypothermia is directly proportional to temperature. Even when cerebral isoelectricity is reached, deeper hypothermia unlike additional barbiturate therapy further reduces CMR02.67 In dogs, the CMR0 2 was reduced by 50070 at 28°C, and the EEG became isoelectric at 22°C. 71 In contrast, barbiturate therapy producing isoelectricity only reduced CMR02 by 40%.51 When used concurrently, the effects of hypothermia and barbiturates are additive.72 Hypothermia is still useful when neuronal electrical activity has ceased as it reduces all cellular metabolic functions and energy requirements, so that developing lactic acidosis is less of a problem. Unfortunately the use of hypothermia clinically is limited to situations where cardiopulmonary bypass is employed. The level of hypothermia required for cerebral protection is associated with "rewarming shock", presumably resulting from the release of accumulated pooled acid metabolites in peripheral areas of vascular shutdown during the cooling phase. In conclusion, while many methods have been advocated for detecting cerebral ischaemia developing during carotid endarterectomy, no one method is fail-safe. Continuous EEG monitoring would appear most practicable with the minimum of false positive results.
The management of cerebral ischaemia developing intraoperatively includes maximising collateral cerebral perfusion, inserting a temporary bypass shunt where possible and pharmacologic intervention when more conservative methods are either unsuccessful or impossible to implement.
